Abstract: Dehydrated hereditary stomatocytosis (DHSt) is a nonimmune congenital hemolytic disorder characterized by red blood cell (RBC) dehydration and lysis. It has been a recognized diagnostic entity for almost 50 years, and autosomal dominant inheritance has long been suspected, but it was not until 2011 that the first genetic alterations were identified. The current study reviews 73 articles published during 1971-2019 and focuses on clinical perspectives of the disease. All but one of the published clinical data in DHSt were either single case reports or case series. From these, it can be seen that patients with DHSt often have fully or partially compensated hemolysis with few symptoms. Despite this, iron overload is an almost universal finding even in patients without or with only sporadic blood transfusions, and this may lead to organ dysfunction. Other severe complications, such as thrombosis and perinatal fluid effusions unrelated to fetal hemoglobin concentration, may also occur. No specific treatment for symptomatic hemolysis exists, and splenectomy should be avoided as it seems to aggravate the risk of thrombosis. Recently, treatment with senicapoc has shown activity against RBC dehydration in vitro; however, it is not known if this translates into relevant clinical effects. In conclusion, despite recent advances in the understanding of pathophysiology in DHSt, options for clinical management have not improved. Entering data into international registries has the potential to fill gaps in knowledge and eventually care of these rare patients.
Introduction
Congenital red blood cell (RBC) disorders are the most prevalent hereditary diseases worldwide, where chronic hemolysis is a leading or contributing cause of symptoms and complications. Disorders of the RBC membrane encompass a major subgroup of congenital RBC disorders where chronic hemolysis that may lead to anemia can have profound consequences for patients. However, even when chronic hemolysis is partially or fully compensated by increased erythropoiesis in the bone marrow, the accelerated RBC destruction and the underlying disorder may have important health consequences. Dehydrated hereditary stomatocytosis (DHSt), also designated hereditary xerocytosis, is a congenital hemolytic disorder with a distinct, albeit variable, phenotype. The disorder was first described in 1971, 1 and by transmission pattern in affected families, an autosomal dominant inheritance was suspected. 2, 3 In 2012 and 2013, three groups almost simultaneously mapped the genetic alterations to the PIEZO1 gene4. [4] [5] [6] PIEZO1 mutations are found on chromosome 16 in the majority of patients, mainly located in the highly conserved COOH end of the gene. [3] [4] [5] [6] Although patients rarely suffer from severe anemia or dependency of regular transfusions, 3, 7 recognition of the DHSt diagnosis is crucial for acknowledgment of immediate and future complications, for advisable and contraindicated management, and for planning of adequate follow-up, starting already in utero. This literary review focuses on clinical aspects of the DHSt diagnosis to facilitate the correct diagnosis and for contemporary clinical management of patients.
Materials and methods
The relevant literature for this literary review was identified via the Pubmed database using the search term Dehydrated Stomatocytosis OR Xerocytosis. The literature search was conducted 21 September, 2018 and resulted in 94 hits -all of which were retrieved and reviewed. Reference lists from the included studies were also reviewed and resulted in the inclusion of three additional studies. The articles were published during 1971-2019, since one article was indexed before final publication. During the review process, a study including 126 patients was published and therefore also included. 8 Only eight included articles were published before 2000, and the vast majority was published after 2010.The review focuses on clinical aspects of DHSt, and therefore, studies including detailed pathophysiology and genetic findings are described in general terms, aiming at improving awareness of the clinical correlates and their importance. Mainly studies including original data were included in the review. The results were abstracted from the retrieved publications and divided into sections of DHSt frequency, pathophysiology in DHSt, diagnosing DHSt, as well as general symptoms and findings. Separate sections include the results of studies describing complications related to iron overload, splenectomy, perinatal issues, management of DHSt, and finally a section on potential benefits from carrying a PIEZO1 mutation. Some patients are reported in multiple publications. 5, 6, 8, 9 Although the author intended not to describe results from the same patients more than once in the same section, this cannot be completely avoided.
Results
For the sections on DHSt, 73 articles were found to be relevant, and additional eight articles were included to discuss the findings. [10] [11] [12] [13] [14] [15] All studies that included descriptions of patients' clinical findings or course were based on single cases or case series, the largest study included 126 patients from 64 families. 8 One study included findings from an entire large kindred with many affected family members. 3 
Frequency of DHSt
Based on the sporadic clinical diagnoses, DHSt is thought to be rare, although the population prevalence is unknown. Prevalence estimates of 1:50,000 have been suggested. 10 In a recent study within a biochemical database of blood sample results from 2014 to 2016 among 48,000,000 North American patients, a possible DHSt diagnosis was suggested in patients who were found to have compensated hemolysis with elevated ferritin and middle cell hemoglobin concentration (MCHC). 16 Based on various combinations of biochemical results, the authors suggest that the 3-year period prevalence of DHSt was 1:8,000 among US adults, emphasizing that a large fraction of patients probably remains undiagnosed. 16 Also, a recent study reports on high allele frequency of a specific PIEZO1 mutation in persons of African descent.
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Pathophysiology of hemolysis in DHSt
The life span of erythrocytes depends on their intrinsic hydration, volume, and elasticity, particularly when passing through the splenic sinusoids and capillaries. All these properties are ensured by an intact and well-functioning membrane. However, maintenance of RBC hydration depends also on the content of intracellular proteins and salts where cations play a major role. [18] [19] [20] Several physiological pathways determine the homeostasis of salts and water in RBCs. As in other cells, the RBC intracellular concentrations of sodium are low, of potassium are high, and vice versa in plasma. These gradients are maintained through active ATP-driven transport exchanging intracellular sodium for extracellular potassium and by diffusion through ion channels. Since water molecules follow the ion movements, the cation balance across the RBC membrane plays a major role in cell hydration. Therefore, when normal cation flux mechanisms are dysregulated, RBC hydration is also affected. Passing through the vasculature, RBCs are exposed to considerable mechanical forces that influence their normal physiology and hydration. In DHSt, a dysfunctional membrane protein eventually leads to a potassium leak out of the RBC that exceeds the inward flux of sodium and the accompanying net loss of water results in RBC dehydration, shrinkage, fragility, and hemolysis. In most patients, the molecular basis for the RBC dehydration is a result of a mutation in the PIEZO1 gene encoding the large transmembrane PIEZO1 cation channel. 4, 21 A large number of different PIEZO1 mutations have been described in DHSt. [4] [5] [6] [7] [21] [22] [23] [24] [25] [26] However, a similar phenotype has also been observed with mutations in the KCNN4 gene affecting the KCa3.1 protein, also known as the Gardos channel.
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The PIEZO1 is a nonselective mechanosensitive channel that allows permeation of cations such as sodium, potassium, magnesium, and calcium. The channel is activated by pressure or stretch of the cell membrane that RBCs are repeatedly exposed to, eg, when passing through capillaries and splenic sinusoids. The PIEZO1 mutations that have been found in patients with DHSt result in a gain of function that leads to delayed inactivation of the ion channel. [31] [32] [33] [27] [28] [29] [30] Similar to PIEZO1 alterations in DHS, the Gardos channel mutations also lead to an activated state with augmented potassium loss from RBCs. 28 The dehydrated cells are less deformable and therefore more vulnerable to lysis, and consequently, RBC life span is shortened. Co-inheritance of hemoglobin disorder traits, such as hemoglobin C and possibly others, may promote RBC dehydration. 36 
Diagnosing DHSt
Patients with DHSt typically present with a partially or fully compensated nonimmune hemolysis, and a significant proportion is diagnosed late in life. 5, 7, 8, 22, 24, [37] [38] [39] [40] Patients show standard laboratory signs of hemolysis with normal or only slightly reduced hemoglobin concentration, reticulocytes elevated 2-6 times the upper limit of normal, and slightly elevated RBC middle cell volume, lactate dehydrogenase (LDH), bilirubin, as well as reduced haptoglobin. 3, 5, 7, 8, 22, 41, 42 Distinct laboratory findings in DHSt are signs of RBC dehydration with elevated MCHC and reduced osmotic fragility. 3, 4, 22, 37, 42, 43 Intracellular RBC cation concentration shows low intracellular potassium and high sodium and can be determined using readily available point-of-care equipment. 21, 22, 24, 37, [43] [44] [45] Despite the name of the diagnosis, only occasional RBCs with the characteristic slit like stoma -stomatocytes -are found in peripheral blood smear (Figure 1 ), where target cells also can be observed. 46, 47 The number of stomatocytes in the peripheral blood smear may in fact be comparable between patients and unaffected family members, 3 and the blood smear may even be relatively normal particularly with KCNN4 mutations. Only a minority of patients suffer from symptomatic anemia, and few require regular blood transfusions, Figure 1 Peripheral blood smear from a patient with dehydrated stomatocytosis. The smear reveals stomatocytes (black arrows) and target cells (white arrows).
whereas transfusion following a hemolytic crisis is seen in 15-20%. 3, 7, 8, 21, 37 Intermittent jaundice is frequent, and similarly cholelithiasis, which may also be asymptomatic. 3, 8, 22, 24, 45 Splenomegaly is frequently observed using imaging, but an enlarged spleen can occasionally also be palpable. 7, 8, 22 Elevated potassium values may be found after blood sampling. This reflects that some patients with DHSt have a temperature-dependent potassium loss from RBCs. Therefore, cooling in blood tubes may lead to in vitro only elevated potassium values, however, with completely normal values in patients -so-called pseudohyperkalemia. 42, 53 It is important to recognize this phenomenon so that unnecessary and potentially harmful interventions such as changing dose of angiotensin-converting enzyme inhibitor, glucose-insulin infusion, and other treatments can be avoided. 53 Pseudohyperkalemia may also delay DHSt diagnosis if indices of hemolysis are not investigated. 42 A phenotypic discrepancy between patients with PIEZO1 compared to KCNN4 mutations has been suggested with a lesser degree of RBC dehydration in the latter group. 7, 8, 28, 50 This does seem to translate into some clinical differences between these two groups were hemoglobin levels and risks of thrombosis and fetal edema seems to be highest in patients with PIEZO1 mutations. 7, 8 Different PIEZO1 mutations do not consistently convey phenotypic clinical differences, 7 and even among DHStaffected members of the same family, phenotypic differences can be observed. 3 The clinical heterogeneity among patients with the same PIEZO1 mutation is emphasized in a large Canadian kindred with 29 family members affected by DHSt. 3 In this family, 46% were or had been anemic, 17% had received blood transfusions, 45% were or had been jaundiced, and 41% had symptomatic gall stones. 3 However, some genotype-phenotype correlation in DHSt cannot be excluded. Recently, a de novo PIEZO1 variant occurring in a patient also affected by another PIEZO1 mutation was described. 38 Compared to other family members with DHSt but without the additional genetic variant, this patient suffered augmented potassium and water loss from RBCs, more severe anemia, and transfusion dependency, suggesting that additional genetic alterations in PIEZO1-mutated patients may increase severity. 38 
Iron overload
Only a minority of DHS patients require regular transfusions and despite this hyperferritinemia, high transferrin saturation or clinical iron overload is very frequent in DHSt. 3, 7, 21, 22, 29, 39, 44, [54] [55] [56] [57] In the previously mentioned kindred with 29 patients, only 5 (17%) had ever received a blood transfusion and yet all had elevated ferritin levels, in 7 (24%) patients even exceeding 900 µg/L. 3 Complications to iron overload in DHSt have been described. A 19-year-old woman, who had been sporadically transfused since childhood, developed heart failure, and a biopsy verified liver fibrosis several years prior to the DHSt diagnosis. 54 A MRI T2* scan revealed iron overload in heart, liver, and also pancreas, after which she started iron chelating treatment, normalizing iron deposits and organ function 54 Clinical cardiac iron overload was also suspected in a 25-year-old DHSt patient who had been irregularly transfused. She suddenly died, and autopsy revealed elevated myocardial iron. 21 Liver or pancreas involvement with diabetes has also been found in patients aged 22-55 years -in most patients, several years prior to the DHSt diagnosis. 9, 39, 57 Iron chelation therapy has been applied in some patients; 21, 39, 54 however, due to the well-compensated hemolysis, also therapeutic phlebotomies have been found to be feasible in others.
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The mechanism behind iron overload in DHSt is unknown. In hemolytic anemias characterized by an insufficient erythropoiesis such as thalassemias, the hormone, erythroferrone, suppresses the release of hepcidine, which eventually leads to elevated iron absorption and iron overload. 12 Even though erythropoiesis is not insufficient, but rather stimulated in DHSt, hepcidin levels have also been found to be low in DHSt, which may, in part, explain the almost universally observed iron overload. 22 
Thrombosis after splenectomy
In patients with DHSt, many episodes of immediate or late thrombotic complications have been described following splenectomy. 7,9,27-29,58-60 However, there is a lack of studies comparing thrombotic risk in splenectomized DHSt patients with DHSt patients who have their spleen in situ, and in some patients, a splenectomy is described without further detail of potential complications. 61, 62 Almost all thromboses have been venous thromboembolic events, such as lower extremity deep venous thrombosis (DVT), pulmonary embolism (PE), and portal venous thrombosis occurring up to 30 years after surgery. 7, 55 However, also superficial venous thrombi, peripheral arterial thrombosis, ischemic stroke, and intracardic mural thrombi have been found. 9, 59 Some of the thrombotic events have been reported to be fatal. 9 Both venous thrombosis provoked by immobilization, pregnancy, or contraceptive pills and unprovoked episodes have been described, and some patients have developed thrombi despite ongoing anticoagulant treatment. 6, 9 In one study, all PIEZO1-mutated DHSt patients who were splenectomized suffered a severe venous thrombotic complication, and furthermore, splenectomy did not improve their anemia. 7 In another study including 11 patients from seven families, two were splenectomized of which one developed a provoked DVT and a PE. 6 Approximately, ten DHSt patients who have later been found to harbor a KCNN4 mutation have been reported to have been splenectomized during the course of their disease, none of whom suffered thrombotic complications. 8, [27] [28] [29] One of these KCNN4-mutated patients experienced improved hemoglobin levels and became free of blood transfusions following surgery, 27 whereas another patient had no clinical benefit from splenectomy. 29 Several patients have been described to develop chronic pulmonary hypertension and right-sided heart failure following PE, and one patient was even heart and lung transplanted due to this complication. 9, 59 Due to the lack of improvement in the degree of anemia for most patients and the putative severe risk of thrombotic complications, splenectomy should be avoided in the treatment of hemolytic anemia in DHSt regardless of the underlying mutation. This also applies if a DHSt patient is considered for splenectomy for any other indication. 59 
Obstetric and perinatal issues of DHSt
Perinatal edema and hydrops fetalis have been reported in several case studies of patients with DHSt. 6, 34, 45, 52, 60, [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] Perinatal edema may even be the first sign of DHSt. 8 The degree of edema is unrelated to the fetal hemoglobin concentration and is also unresponsive to in utero blood transfusion through cordocentesis. 60, 62, 66, 73, 75 Rarely, hydrops fetalis in DHSt may be fatal. 35 All patients with perinatal edema seem to harbor a PIEZO1 mutation. 8 In some pregnancies, the fetal edema has been seen with concurrent polyhydramnios. 60, 63, 64 However, the amount of amniotic fluid may also be normal despite severe fetal edema. 68, 74 In most patients, fluid effusions present as fetal ascites with marked abdominal distension, but also pericardial effusion, pleural effusions, or generalized hydrops fetalis can be seen. 60, [62] [63] [64] 66, [68] [69] [70] [71] [73] [74] [75] In order to prevent lung hypoplasia due to elevated diaphragm, delivery complications, and sequelae to abdominal distension, therapeutic fetal ascites paracentesis has been undertaken repeatedly in many of the pregnancies and without described complications. 60, 63, 64, 66, 68, 69, 71, 75 In some cases, the volume of ascites fluid that was removed by each paracentesis reached 800-2,300 mL. 66, 68, 69 Recently, a case study described the complete resolution of ascites and pleural effusion in a fetus with DHSt after application of intrauterine peritoneo-amniotic and thoracic-amniotic shunts followed by drainage of 1,000 mL amniotic fluid. 71 In almost all patients, perinatal fluid effusion resolves spontaneously and completely after birth. However, patients may suffer from respiratory distress immediately after birth, and the abdomen can have a "prune-like" appearance due to poorly developed abdominal musculature after distension. 60, 62, 69, 74 It seems like a paradox that mutations that result in dehydration of RBCs cause fluid effusions and that this is seen only perinatally. However, PIEZO1 expression is increased in lymphatic vessels in the peritoneum in fetal patients with mutations compared to healthy individuals, and this expression is absent in lymphatic vessel endothelium in adult DHSt patients. 6 Of note, "loss-of-function"
PIEZO1 mutations have been identified in patients with congenital lymphatic dysplasia, leading to primary lymphoedema, and RBCs from these patients also show some phenotypic similarities with DHSt erythrocytes.
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Management of patients with DHSt
Contemporary management of DHSt first of all requires making the correct diagnosis for the patient with nonimmune hemolysis. For this, elevated MCHC, and specific RBC K + and Na + deviations combined with standard laboratory signs of hemolysis are straightforward clues to ask for conclusive testing with osmotic gradient ektacytometry and/or mutational screening. There is no specific treatment for hemolysis, and if patients have symptomatic anemia, transfusion therapy is the only relevant option. Splenectomy is contraindicated regardless of the clinical setting, and even in a critical situation like splenic rupture, other attempts for hemostasis should be pursued, if at all possible. Recognition of iron overload during follow-up in regularly transfused, in sporadically transfused, and in patients who have never received blood transfusion is crucial in order to avoid organ failure through chelation therapy or therapeutic phlebotomies. It is not possible to make recommendations of ferritin thresholds for starting iron removal based on existing DHSt publications. In hereditary hemochromatosis (HH) where iron overload may have a similar pathophysiology, the risk of organ damage with ferritin levels below 1,000 µg/L has in some population-based studies been found to be extremely low. 76 However, recent guidelines of HH suggest to start phlebotomy already at ferritin levels above 300 µg/L in men and 200 µg/L in women. 77 A pragmatic approach in DHSt could be to monitor patients suspected to have clinical relevant iron overload with T2* MRI and to use phlebotomy under close hemoglobin monitoring as the primary therapy in well-compensated patients.
In pregnancy with a fetus at risk for DHSt, regular ultrasound is warranted. This is to discover and monitor prenatal ascites or hydrops fetalis or other signs of fluid effusion so that paracentesis can be instituted if needed. Children with a parent with DHSt should be screened for signs of hemolysis during childhood.
In sickle cell disease (SCD), RBCs are also liable to cation leaks and dehydration through activation of the Gardos channel, and this may eventually lead to hemoglobin S polymerization and painful crisis. 78 Senicapoc is a selective Gardos channel blocker and has been investigated as an intervention to reduce painful crisis in a SCD phase III trial.
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Although the trial was terminated early since interim analyses revealed that the primary end point -a reduction in the frequency of painful crisis -was unlikely to be met, the intervention group had statistically significant improvements in markers of hemolysis. 11 Sickle cell patients treated with senicapoc had a mean increase in hemoglobin concentration of 5.9 g/L, a mean reduction in LDH of 58.7 U/L, and the treatment was well tolerated. 11 In vitro RBCs from DHSt patients with either KCNN4 or PIEZO1 mutation types have been found to become less cation leaky and dehydrated after treatment with senicapoc. 35, 79, 80 However, it is currently unknown whether this translates into a clinically relevant effect in patients with DHSt with symptomatic hemolysis and anemia.
Potential benefits in patients with PIEZO1 mutations
It is well established that the carrier state of other RBC disorders, such as SCD, conveys protection against malaria. 15 In vitro studies of RBC hydration also suggest that dehydrated cells are less susceptible to invasion by Plasmodium falciparum and that this applies both to RBCs from healthy donors and to patients with DHSt. 81 In order to study this in vivo, a mouse model for human DHSt has recently been developed. 17 The human gain-of-function mutation -R to H at position 2,456 in PIEZO1 has been knocked in mice (PIEZO1 GOF ) constructing a mouse DHSt-like phenotype with mild anemia, hemolysis, reticulocytosis, increased mean corpuscular hemoglobin, reduced osmotic fragility, and splenomegaly. Further, electron microscopy of mouse RBCs showed stomatocytes. Susceptibility to Plasmodium infection was tested using this model. After injection of P. berghie infected erythrocytes PIEZO1 GOF , mice lived significantly longer, had lower percentage parasitemia, and were less affected by cerebral malaria than PIEZO1 wild-type (PIEZO1 WT ) mice. 17 In functional studies, the RBC dehydration seemed to be responsible for the improved outcomes in PIEZO1 GOF knockin mice. 17 Interestingly, a three-nucleotide deletion E756del in PIEZO1 has subsequently been identified with an allele frequency of 9-23% in persons of African ancestry compared to <1% in persons of non-African descent. 17 Electron microscopy of RBCs from persons with this deletion reveals frequent echinocytes and stomatocytes, and their RBCs were generally found to be dehydrated and with decreased osmotic fragility. When subjected to P. falciparum in vitro, the RBCs with this novelly identified PIEZO1 deletion also showed lower percentage parasitic invasion. Altogether, these results suggest that PIEZO GOF mutations through the DHSt phenotype convey protection against malaria and complications. Also, populations with endemic malaria develop a positive selection of a hitherto unknown and very common PIEZO1 mutation with a DHSt-like phenotype. 17 
Discussion
This literature review on clinical perspectives in DHSt emphasizes that almost all current knowledge is based on single case reports or case series. Despite this shortcoming in data, it is beyond discussion that patients often have a relatively mild clinical course with normal or only moderately reduced hemoglobin, rarely transfusion dependency, however with important exceptions. Patients may have symptomatic anemia or suffer potentially severe complications from iron overload, thrombosis following splenectomy, and perinatal fluid effusions. Although perinatal edema seems to be a rare complication even for patients with DHSt, it may also be that PIEZO1 mutations lead to an increased risk of spontaneous abortions emphasizing that the published risk of this complication may be conservative. All complications and late effects are preventable or manageable, and it therefore remains essential to diagnose DHSt in time to avoid adverse effects for patients and their offspring and also to improve quality of life. DHSt has been a recognized diagnostic entity during the past almost 50 years, but it was not until 2011 that the first genetic alterations were identified. 3, 4 Since then, advances mainly in laboratory research have improved knowledge on genetics and pathophysiology considerably. 5, 13, 23, 31, 33 However, clinical management beyond transfusion therapy for the rare DHSt patients with symptomatic anemia remains to be improved. Treatment with senicapoc to prevent RBC dehydration may be feasible and beneficial; however, recruitment for a phase II or phase III trial to investigate this rare subgroup of patients will be challenging, and no such trial is currently registered at the Clinicaltrials.gov website. For the previous advances in finding and understanding the effects of the mutations associated with DHSt, international research collaborations on kindreds from multiple countries were necessary. 3, 4, 6 The best observations on the clinical heterogeneity in DHSt are from the largest of these kindreds. 3 In order to improve management for these rare patients, both with and without medical intervention, recruitment into an international registry study such as the Rare Anaemia Disorders European Epidemiological Platform (https://www.eurobloodnet.eu/ radeep) is needed. In another rare hemolytic disorder, paroxysmal nocturnal hemoglobinuria (PNH), an international registry, was facilitated through both international collaboration and adequate funding. 13 The PNH registry now includes more than 3,500 patients with PNH, allowing for research on clinical presentation, complications, and prognosis on an unprecedented scale.
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Conclusion
Currently, the best clinical advice for managing patients with DHSt is to identify them correctly among other patients with nonimmune hemolytic disorders. Failure to do so may put the patients at risk for severe complications and late effects. International collaboration for registries on these rare patients is needed to fill the gaps in knowledge and ultimately to improve care.
Abbreviation list
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